Received for publication June 2, 1960 It is now well recognized that the product of a series of biosynthetic reactions can play an important controlling role in its formation, either by inhibiting the activity or the formation of the enzymes concerned with its synthesis (Vogel, 1957; Pardee, 1959) . Since the extent of such control is largely dependent on the intracellular concentration of the particular metabolite involved, the levels of enzyme function or formation can be controlled by manipulations which affect the intracellular concentrations of the repressing substance (Gorini and Maas, 1957) . Thus, cultures grown in the presence of high concentrations of a particular repressor show a depressed content of the enzymes concerned with its synthesis. On the other hand, the maintenance of low levels of repressor, by controlled low level feeding to strains with a requirement for the repressing metabolite, results in an elevated enzyme level in such cultures. In some strains which have a partial block in the synthesis of a repressor the level of the corresponding enzymes is also high (Yanofsky, 1960) .
The latter observation suggests that specific inhibitors of reactions leading to repressor synthesis might be employed to control enzyme formation. This paper deals with an examination of this possibility with the tryptophan-synthesizing system of Escherichia coli, which is well suited for such a study. Tryptophan represses the formation of tryptophan synthetase in Aerobacter aerogenes (Monod and CohenBazire, 1953) as well as other enzymes involved in tryptophan synthesis in E. coli (Yanofsky, 1960) . Contrariwise, strains which appear to be partially blocked in tryptophan synthesis, as evidenced by the stimulation of growth by I Supported by grants from The Commonwealth Fund, The National Science Foundation, and the IT.S. Public Health Service.
tryptophan (Yanofsky, 1960) , produce high levels of tryptophan-synthesizing enzymes. Finally, the control of tryptophan synthesis by tryptophan (or its analogues) is not limited to the formation of enzymes involved in tryptophan synthesis, but extends to the activity of these enzymes as well (Trudinger and Cohen, 1956 ; Pardee and Prestidge, 1958; Moyed and Friedman, 1959; Moyed, 1960a) . The work to be reported here shows that tryptophan synthesis, and consequently the formation of tryptophansynthesizing enzymes, can be regulated by inhibition of the biosynthetic sequence by a normal intermediate as well as one of its analogues.
MATERIALS AND METHODS
Organisms. The following strains used in these studies were derived from E. coli strain K-12. Y-mel, which is unable to utilize melibiose, was used as the wild-type reference strain. T-41R-5, which produces an elevated level of tryptophan synthetase (Eisenstein, unpublished data), was isolated from an ultraviolet-treated population of a tryptophan auxotroph, T-41 (Yanofsky, 1958) . T-26, which is able to couple indole and serine to form tryptophan, but is unable to convert indole-3-glycerol phosphate to tryptophan, accumulates indole-3-glycerol.
Culture. The minimal medium E (Vogel and Bonner, 1956 ) used in these studies contained 0.12 or 0.15 per cent glucose; other additives were autoclaved separately in water solution and added aseptically to the minimal medium to give final volumes of 6 or 8 ml per test tube (18 by 150). The media were inoculated with one drop of a 1:100 dilution of an overnight culture and incubated at 37 C for 15 to 22 hr with agitation on a reciprocal shaker; deviations from these conditions will be indicated with the experiment to be described. Growth was estimated by 81 turbidity measurements in the Klett-Summerson colorimeter equipped with the 660 (red)filter.
Chemicals. The compounds used in this study were obtained commercially, except the anthranilic acid analogues which were supplied by Chas. Pfizer and Co., whose gift we gratefully acknowledge.
Tryptophan synthetase assay. Indole uptake by whole cells was used as the basis for estimating tryptophan synthetase activity. Samples of cultures were centrifuged and the clear supernatants decanted. To the pellet was added 1.0 ml of 0.05 M phosphate buffer, pH 7.8, containing 0.3 or 0.4 ,mole indole, 6.3 mg DL-serine, and 10 ,ug pyridoxal phosphate. After incubation at 37 C for 30 min with agitation the assay mixture was chilled in an ice bath and extracted with 4.0 ml of toluene; 1.0-ml samples of the toluene extract were assayed for indole (Yanofsky, 1955) . Under these conditions the unit of tryptophan synthetase is defined as the disappearance of 0.1 ,umole of indole. The disappearance of indole was directly proportional to the amount of cells present in the assay, and, for purposes of comparison, the observed uptake of indole was converted to that expected for 1.0 ml of cell suspension giving a colorimeter reading of 300 Klett units (300 KU).
Tryptophanase. Rough estimates of tryptophanase were made using a system similar to that for tryptophan synthetase, except that the assay mixture contained tryptophan in place of indole, and no serine (in the absence of serine tryptophan synthetase activity was nil). The unit of tryptophanase is defined as the appearance of 0.1 ,umole indole. Tryptophanase activity was generally low and probably did not affect the observations of tryptophan synthetase activity, especially since the presence of serine inhibited tryptophanase activity.
Indole-3-glycerol. The assay of this compound was based on periodate oxidation to indole-3-aldehyde, which was measured spectrophotometrically at 290 m,u (Yanofsky, 1956) using a similarly treated sample of indole-3-aldehyde as a standard. The identity of indole-3-aldehyde was qualitatively confirmed by its absorption spectrum. Neither 3-methylanthranilic nor anthranilic acids interfered in this assay.
Anthranilic ribonucleoside.2 The qualitative 2 This compound would be more specifically identification of this compound was based on procedures described by Doy and Gibson (1959 (Borenfreund and Dische, 1957) , and a red color which appeared almost immediately (without heating) upon spraying with alkaline triphenyltetrazolium chloride (Trevelyan, Procter, and Harrison, 1950 and genetically in the sequence anthranilic acid anthranilic ribonucleotide --indole-3-glycerol phosphate -* tryptophan (Yanofsky, 1960) . Hypothetically, it should be possible to limit tryptophan synthesis by the use of appropriate inhibitors of any of these steps, but practical considerations, namely availability, restricted an examination of potential inhibitors to analogues of anthranilic acid. In addition, tryptophan and a few of its derivatives were also examined for their action as repressors of tryptophan synthetase formation or as inhibitors of growth. The effects of these compounds on tryptophan synthetase formation and growth of Y-mel and T-41R-5 are shown in table 1. With both strains L-tryptophan represses tryptophan synthetase formation, and a similar effect is observed with 6-methyltryptophan in the case of Y-mel. On the other hand, 3-methylanthranilic acid causes an 8-to 10-fold increase in the tryptophan syn- thetase activity of Y-mel, and a 2-fold increase in the already elevated level of tryptophan synthetase activity of T-41R-5. None of the other analogues of anthranilic acid showed a comparable effect, although 4-methylanthranilic acid produced a modest increase in tryptophan synthetase activity in both strains. Effect of concentration of 3-methylanthranilic acid on tryptophan synthetase formation and growth. Table 2 shows the optimal concentration of 3-methylanthranilic acid for tryptophan synthetase formation by Y-mel to be in the range 20 to 50 Mg 3-methylanthranilic acid per ml. However, a significant stimulation of tryptophan synthetase formation can be obtained with 5 to 10 ,ug 3-methylanthranilic acid per ml. At concentrations above 50,g 3-methylanthranilic acid per ml, and especially above 100 ,g per ml, the growth rate is markedly decreased and lower tryptophan synthetase activities are obtained. With T-411R-5 optimal tryptophan synthetase formation was obtained with 0.6 to 2.5 Ag 3-methylanthranilic acid per ml; higher concentrations inhibit growth and also result in a decreased tryptophan synthetase activity.
Effect of 3-methylanthranilic acid on tryptophan synthetase formation during growth. The relationship of tryptophan formation to growth was examined to determine whether or not the effect of 3-methylanthranilic acid was constant during growth, or exerted its effect at a particular phase of growth. These studies were carried out using 100 ml of medium E plus 0.12 per cent glucose, plus or minus 30 Mg 3-methylanthranilic acid per ml. The medium was inoculated with a log phase culture of Y-mel to give a reading of 10 Klett units, and incubated at 37 C on a rotary shaker. Samples were taken at various intervals for turbidity and tryptophan synthetase determinations. Figure 1A shows that after about 1.5 hr incubation a slower growth rate is observed in the presence of 3-methylanthranilic acid, as well as a reduction in the level of growth finally achieved. In the absence of 3-methylanthranilic acid the specific activity of tryptophan synthetase decreased slowly and steadily. In the presence of 3-methylanthranilic acid, after a lag, the specific activity increased rapidly; the onset of increased tryptophan synthetase formation appeared to coincide with a decrease in growth rate. Figure  1B describes the formation of tryptophan synthetase as a function of growth; for the most part, the aecrual of tryptophan synthetase activity is proportional to growth. It may be noted that in the presenee of 3-methylanthranilic acid there appears to be a discontinuity in the rate of synthesis, with a slow rate followed by a faster rate beginning at a point coinciding wsith the decrease in growth rate shown in figure 1A1 .
Mechanism of action of 3-methylanthranilic acid. There is ample evidence that the formation of tryptophan synthetase is repressed by tryptophan, and as a corollary, it may be presumed that regulation of tryptophan synthesis would also regulate tryptophan synthetase formation. As has been pointed out in the introduction such table 2 where the growth of T-41R-5 is inhibited at levels of 3-methylanthranilic acid which have no effect on Y-mel; the decrease in tryptophan synthetase formation in T-41R-5 by the highest levels of 3-methylanthranilic acid used could indicate so severe a restriction of tryptophan synthesis that the formation of tryptophan synthetase is limited by an insufficient supply of this amino acid. The stimulation of tryptophan synthetase formation in T-41R-5 by lower levels of 3-methylanthranilic acid than with Y-mel is more compatible with a mechanism of tryptophan limitation than with a direct action of 3-methylanthranilic acid on a tryptophan synthetase-synthesizing system, since in the latter case similar concentrations of 3-methylanthranilic acid might be expected to be required for a stimulation of tryptophan synthetase formation in both strains.
It is also possible that 3-methylanthranilic acid might be converted to a compound which directly affects the tryptophan synthetase forming system, and that this conversion is more efficient in T-41R-5 than in Y-mel. However, the fate of 3-methylanthranilic acid was examined in the experiment described by figure 1 by extracting acidified aliquots of culture with ethylacetate and determining the content of 3-methylanthranilic spectrophotometrically at 335 m,u. The results given in table 4 show that the concentration of 3-methylanthranilic acid did not change during the course of the experiment, nor did the ratios of optical density at 335 m,A to 255 m,u. In addition, the extracts obtained at 0, 6, and 12 hr were concentrated and chromatographed in butanol: propanol: water, 1:2: 1, plus 1.0 ml 1.0 N NH40H (Yanofsky, 1956 ), nor does it cause an accumulation of anthranilic acid.
From the foregoing it is reasonable to assume that the stimulatory effect of 3-methylanthranilic acid on tryptophan synthetase formation might be due to an inhibition of tryptophan synthesis. Table 3 indicates this possibility by the reduction of tryptophanase activity in Y-mel grown in the presence of 3-methylanthranilic acid. On this basis the stimulatory effect of 3-methylanthranilic acid on tryptophan synthetase formation should be reversed by tryptophan, or other similar repressors, or by providing for an increased supply of the intermediate(s) whose metabolism is inhibited by 3-methylanthranilic acid. Table 5 shows this to be the case; tryptophan and 6-methyltryptophan, and 4-methylanthranilic acid (which can be converted to 6-methyltryptophan) reverse the effect of 3-methylanthranilic acid. In a similar fashion, the conversion of anthranilic acid to tryptophan should also lead to an inhibition of the effect of 3-methylanthranilic acid. However, although anthranilic acid does reverse the effect of 3-methylanthranilic acid on tryptophan synthetase formation, this reversal does appear to be concentration dependent as is the case with the other compounds; with increasing concentration of anthranilic acid the level of tryptophan synthetase appears to increase. This is also true in the absence of 3-methylanthranilic acid where anthranilic acid produces a 3-to 4-fold increase in tryptophan synthetase activity.
The assumption that 3-methylanthranilic acid stimulates tryptophan synthetase formation by inhibiting the synthesis of tryptophan has been examined by studying the effect of 3-methylanthranilic acid on tryptophan synthetase formation by strain T-26, which is tryptophan-or indoledependent. As shown in table 6, T-26 produces levels of tryptophan synthetase comparable to T-41R-5 (if tryptophan is not present in excess of its growth requirement), and that 5-and 6-methyltryptophan markedly repress tryptophan synthetase formation, without any effect on growth. However, neither anthranilic acid, 4-nor 5-methylanthranilic acid, in relatively high concentration, have any significant effect on tryptophan synthetase formation, indicating that they are not converted respectively to tryptophan, 6-or 5-methyltryptophan. Similarly, 3-methylanthranilic acid does not affect tryptophan synthetase formation, indicating that its stimulation of tryptophan synthetase formation in Y-mel requires the functioning of normal sequence leading to tryptophan synthesis. These results show that 3-methylanthranilic acid does not have a direct action on the tryptophan synthetase forming system. It may be noted from table 6 that anthranilic acid and its methylated analogues, especially at the higher concentration, cause a reduction of the accumulation of indole-3-glycerol. This could suggest that all are capable of inhibiting tryptophan formation, if they themselves are not converted to tryptophan or the corresponding analogue which, in turn, would repress tryptophan synthetase formation. It is of interest to note the severe depression of indole-3-glycerol accumulation by cultures of T-26 grown in the presence of low levels of 5-or 6-methyltryptophan, which could signify that these compounds repress the formation of other enzymes in the biosynthetic sequence leading to tryptophan as well as the formation of tryptophan synthetase, as does tryptophan (Yanofsky, 1960) . However, this decreased accumulation could also be attributed to inhibitions of enzymatic activities required for the synthesis of indole-3-glycerol. Such inhibitions have been observed in cell extracts with 5-methyltryptophan (Moyed, 1960a) and 6-fluorotryptophan (Moyed and Friedman, 1959) , and in whole cells with 4-methyltryptophan (Trudinger and Cohen, 1956) and 7-azatryptophan (Pardee and Prestidge, 1958) .
Site of action of 3-methylanthranilic acid. The data thus far presented indicate that the site of action of 3-methylanthranilic acid probably does not involve the reaction anthranilic acid -* anthranilic ribonucleotide since (i) anthranilic acid is not accumulated by cultures grown in the presence of 3-methylanthranilic acid, and (ii) anthranilic acid itself stimulates tryptophan synthetase formation. It has been determined that neither the normal nor 3-methylanthranilicstimulated tryptophan synthetase activity in Y-mel or T-41R-5 is inhibited by 3-methylanthranilic acid; also, no indole-3-glycerol could be detected in cultures of Y-mel or T-41R-5 grown in the presence or absence of 3-methylanthranilic acid. Correspondingly, the reduction of indole-3-glycerol accumulation by T-26 grown in the presence of 3-methylanthranilic acid (table 6) suggests that 3-methylanthranilic acid inhibits a reaction prior to that catalyzed by tryptophan synthetase. Thus, it appeared likely that the site of 3-methylanthranilic acid action might be the reaction anthranilic ribonucleotide -* indole-3-glycerol phosphate, and it might also be expected that cultures grown in the presence of 3-methylanthranilic acid should accumulate anthranilic ribonucleoside.
Cultures of Y-mel and T-26 grown in the absence and presence of 3-methylanthranilic acid (50 or 200 ,ug/ml) were qualitatively examined for anthranilic ribonucleoside by paper chromatography. Only extracts of cultures grown in the presence of 3-methylanthranilic acid yielded a spot corresponding to anthranilic ribonucleoside. Ethylacetate eluates of these spots were hydrolyzed and reextracted with ethylacetate. These extracts were chromatographed and yielded a spot corresponding to anthranilic acid, as would be expected from the hydrolysis of anthranilic ribonucleoside. These results, which are summarized in table 7, indicate that 3-methylanthranilic acid inhibits the conversion of anthranilic ribonucleotide to indole-3-glycerol phosphate.
Effect of anthranilic acid on tryptophan synthetase formation. The observation (table 5) that anthranilic acid stimulates the formation of tryptophan synthetase made it of particular interest to determine whether this normal intermediate acts in a similar fashion as 3-methylan- To determine whether the site of action of anthranilic acid is the same as that of 3-methylanthranilic acid the accumulation of anthranilic ribonucleoside was determined in cultures of T-26 grown in the presence and absence of anthranilic acid. Strain T-26 was used so that the effect of anthranilic acid on the accumulation of indole-3-glycerol could again be ascertained. The results given in table 10 show that high levels of anthranilic acid have only a small effect on growth and no effect on tryptophan synthetase formation. On the other hand, the accumulation of indole-3-glycerol3 is markedly inhibited, and the accumulation of anthranilic ribonucleoside is promoted by the presence of anthranilic acid. These results indicate that anthranilic acid and 3-methylanthranilic acid have the same site of action, an inhibition of the conversion of anthranilic ribonucleotide to indole-3-glycerol phosphate. The inhibitory action of 3-methylanthranilic acid and anthranilic acid on this reaction has been recently confirmed with cellfree extracts (Gibson and Yanofsky, 1960) .
DISCUSSION
The data presented here indicate that anthranilic acid and 3-methylanthranilic acid can stimulate tryptophan synthetase formation by limiting the synthesis of tryptophan through an inhibition of a reaction in the biosynthetic sequence leading to tryptophan. The action of these compounds, per se, is probably not unique since other analogues could act similarly; this has been indicated by the small stimulation of tryptophan synthetase formation by 4-methylanthranilic acid, and by the reduction of indole-3-glycerol accumulation in cultures of T-26 by 4-and 5-methylanthranilic acid and anthranilic acid. Gibson and Yanofsky (1960) 3The high control level of indole-3-glycerol is probably due to the presence of glucose in excess of what is required to give maximal growth with the amount of tryptophan supplied, so that although growth stops, production of indole-3-glycerol continues.
have also found that these compounds inhibit the conversion of anthranilic ribonucleotide to indole-3-glycerol phosphate by the corresponding purified enzyme. A practical prerequisite for eliciting a stimulation of enzyme formation would be that the inhibitors are not converted to toxic compounds or highly effective repressors, as would be the case with 4-or 5-methyl-or 5-fluoroanthranilic acids (Yanofsky, 1956) .
The delayed effect of 3-methylanthranilic acid on tryptophan synthetase formation during growth probably reflects the presence of tryptophan or its precursors in the cells, and indicates that anthranilic acid or 3-methylanthranilic will exhibit a maximal stimulation of tryptophan synthetase formation when the normal level of tryptophan is reduced. In this respect, it is noteworthy to mention that an attempt was made to identify tryptophan in culture filtrates and in heated extracts of cells grown on minimal medium, and no significant amount of tryptophan was observed. This could suggest that at its site of action the effective amount of tryptophan required for repression is low, considerably less than would be indicated by the amounts of exogenous tryptophan required to reduce tryptophan synthetase formation. It would also indicate a rather firm association between tryptophan and its site of repressive action, from which it is shifted when the supply or synthesis of tryptophan is restricted, or when the demand for tryptophan for other metabolic purposes is high.
Although the evidence presented indicates that 3-methylanthranilic acid (or anthranilic acid) does not have a direct effect on the tryptophan synthetase forming system, there is a superficial resemblance between the effect of 3-methylanthranilic acid and that of inducers of enzyme formation. In this respect, 3-methylanthranilic acid could be considered as a pseudoinducer. A similar situation has been observed (Moyed, 1960b) in the case of 2-thiazole alanine, which inhibits an early step in histidine synthesis and consequently causes an increased formation of an enzyme whose formation is repressed by histidine. This, of course, raises the question of whether some inducers of the formation of other enzymes might not also act by inhibiting the synthesis of repressors, rather than by exerting a direct effect on enzyme formation or competing with repressors for an enzyme forming site. It also raises the possibility that a pseudoconstitutiveness might be achieved by a
